We have investigated the genetics of the length heteroplasmy associated with the T16189C variant of mitochondrial DNA (mtDNA), and report here definitive evidence that the pattern of the length heteroplasmy is not simply the outcome of drift related to the random segregation of the mtDNA population during cell division, but is actively maintained and regenerated de novo following each cell division. The pattern of the length heteroplasmy was maintained in a fibroblast cell line during an extensive mtDNA depletion experiment by ethidium bromide treatment, and following the subsequent repopulation of the cells with mtDNA. The investigation of the pattern of the length heteroplasmy by single cell pick up shows a similar pattern in sister cells despite the evidence of the randomness of mtDNA segregation, providing definitive evidence for the de novo regeneration of the pattern following cell division. Consistent with this conclusion is the observation that similar patterns of length heteroplasmy are found in tissues of single individuals.
Introduction
A large body of knowledge has now been accumulated on the role of mitochondrial DNA (mtDNA) mutations as the underlying lesions in a wide range of human neuromuscular and degenerative disorders (see Chinnery et al. 1999; Wallace 1999; Leonard and Schapira 2000 for recent reviews), as well as predisposing factors in polygenic diseases such as diabetes mellitus (Poulton et al. 1998a ). The pathogenesis of these disorders is complex and is determined to a significant extent by the maternal transmission of the mitochondrial genetic factors. The rules of mammalian mitochondrial (cytoplasmic) genetics, however, are still not fully understood. The mammalian mtDNA, encoding 13 polypeptide subunits of the respiratory enzyme complexes, two rRNAs, and 22 tRNAs, exists in cells in multiple copies, ranging, for example, from 800 mtDNA copies/cell in human lung fibroblasts (Robin and Wong 1988) to 6000 mtDNA copies/cell in skin fibroblasts (Shmookler Reis and Goldstein 1983) . These mtDNA molecules segregate randomly during cell division (Lertrit et al. 1992; Marzuki et al. 1997; Meirelles and Smith 1998) , but several recent observations strongly suggest that the outcome of this segregation process is probably modulated by other factors. Thus, for example, despite the high rate of mutation in the mtDNA (5-10 times higher than that of the nuclear DNA; Brown et al. 1979) , the expected heteroplasmic state of the mtDNA, i.e., the existence of more than one population of mtDNA within a cell, is rarely found.
Complete switching of the mtDNA genotype has been demonstrated to occur within one or two generations in Holstein cows that are heteroplasmic for a neutral mtDNA genotype; this observation led to a proposal of the existence of a genetic bottleneck for the mtDNA in the female germ line or in the early embryo (Hauswirth and Laipis 1982) . The effective number of the mtDNA segregating unit in mice during early oogenesis is approximately 200 (Jenuth et al. 1996) , while for humans it ranges from one to 135 (Marchington et al. 1997; Poulton et al. 1998b ). Perhaps, superimposing on the germ-line bottleneck is the possibility that not all copies of mtDNA in a cell participate equally in the mtDNA replication (Tourte et al. 1984; D'Herde et al. 1995) or segregation (Meirelles and Smith 1998) processes. Further, certain mtDNA mutations might confer selective advantage/disadvantage on the cells, and this factor could contribute significantly to the outcome of mtDNA segregation. In pedigrees with Leber's hereditary optic neuropathy (LHON), segregation favoring the mutant (G11778A) mtDNA type is relatively rapid (Savontaus 1995), while in mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) and myoclonic epilepsy with ragged-red fibers (MERRF), the heteroplasmic state is maintained for several generations (Chinnery et al. 1998) .
Several homopolymeric tracts in the mtDNA exhibit length polymorphisms, i.e., the presence in cells of multiple mtDNA species with various lengths of the homonucleotide run. The genetic characteristics of these length polymorphisms have been the subject of investigations to gain insights into the factors that influence the transmission of the mtDNA, in particular in relation to the germ-line bottleneck (Hauswirth et al. 1984; Marchington et al. 1997) . One of the homopolymeric tracts, which is associated with a mtDNA T16189C variant located within and interrupting a homopolymeric tract of cytosines between nt16184 and nt16193 (Bendall and Sykes 1995; Marchington et al. 1996) , shows a prominent deviation from the common rules that govern mtDNA transmission, and is thus of great interest. This variant has been suggested to be associated with several common human diseases such as diabetes mellitus (Poulton et al. 1998a) , low birth weight (Casteels et al. 1999) , and dilated cardiomyopathy (Khogali et al. 2001) , and thus is also of medical significance.
The T16189C mutation results in an unstable homopolymeric tract of ten cytosines, and length variation of the poly [C] is observed in individuals in a heteroplasmic manner (i.e., length variants of between 8 and 14 cytosines are found in one individual) (Bendall and Sykes 1995) . The relative proportion of the various lengths of poly [C] (pattern of length heteroplasmy) associated with the T16189C variant appears to be maintained during cell division (Bendall and Sykes 1995; Marchington et al. 1996) . Thus, while the pattern of the length heteroplasmy differs in different individuals, this pattern appears to be similar in different tissues from an individual (Marchington et al. 1996) , suggesting that the segregation of the length variants is not random. Further, maternally related members of a family appear to maintain the same pattern of the length heteroplasmy. There is a compelling need to confirm that the pattern of the length heteroplasmy associated with the T16189C variant is indeed actively maintained during cell division, as it would imply that there must be factors that regulate the generation of this heteroplasmic pattern. We have thus investigated the genetics of the length heteroplasmy associated with the T16189C variant, and report here definitive evidence for the de novo regeneration of the pattern of the length heteroplasmy following cell division.
Materials and methods
Fibroblast cell lines, blood, and tissues Two fibroblast cell lines were employed, one (EISbIII-31-95) derived from a member of a family with Leber's hereditary optic neuropathy (LHON) reported previously (EISb-95; Sudoyo et al. 1998) , and one (EIN-3-95) derived from a normal individual (Malik et al. 2000) . For the generation of EISbIII-31-95, a skin biopsy was taken with informed consent as part of the diagnostic work up of the patient. Procedures for the biopsy and the generation of fibroblast cell lines are as previously reported (Malik et al. 2000) . Blood samples from normal individuals were taken with informed consent.
Ten postmortem tissue samples (thyroid gland, liver, diaphragm, psoas muscle, kidney, adrenal gland, heart, cerebral cortex, basal ganglia, and white matter) were obtained at the Cipto Mangunkusumo Hospital morgue, Jakarta, Indonesia, from each of five normal individuals who died from nonpathological causes. Autopsies were carried out according to standard technical, legal, and ethical procedures of the Cipto Mangunkusumo Hospital. Tissue samples were stored individually in small containers at Ϫ80°C until used.
DNA extraction and detection of the mtDNA T16189C variant Total DNA from blood and fibroblast cells was extracted as described elsewhere (Lertrit et al. 1992) . DNA from tissues was extracted by an organic extraction method (Sambrook et al. 1989 ) with modifications. A small piece of tissue was homogenized in a tight-fit glass-Teflon homogenizer, in the presence of a cell lysis buffer containing 10mM Tris-HCl (pH 8.0), 25mM ethylenediamine tetraacetate (EDTA), and 0.5% sodium dodecyl sulphate (SDS). To the lysate, 50 µg/ml RNase T (Qiagen, Hilden, Germany) was added, followed by incubation at 37°C for 30min. Protein was then precipitated with ammonium acetate and chloroform (1: 1). Following ethanol precipitation, DNA was resuspended in a 10 mM Tris-HCl buffer containing 1mM EDTA (pH 8.0).
A 637-bp fragment of the mtDNA between nt15904 and nt16540 (Cambridge reference sequence; Anderson et al. 1981) was amplified by polymerase chain reaction (PCR) by using the primer pair L15904 (5Ј-CTAATACACCAGTCT TGTAAACCGGAG-3Ј) and H16540 (5Ј-GTGGGCTAT TTAGGCTTTATGACCCTG-3Ј) in a programmable thermal cycler (Perkin Elmer 9700 GeneAmp System; ABI-PE, Norwalk, CT, USA), essentially as described by Saiki et al. (1985) . The PCR was carried out for 35 cycles of denaturation at 95°C for 20s (first cycle at 95°C for 5 min), annealing at 62°C for 20 s, and elongation at 72°C for 1 min. The amplification product was then digested with MnlI restriction endonuclease (New England Biolabs, Beverly, MA, USA), and the fragments were separated by electrophoresis on a 2% agarose gel. The T to C base substitution at nt 16189 was detected as the loss of an MnlI restriction site (Bendall et al. 1996; Marchington et al. 1996) .
Quantitation of the poly [C] length variant
A procedure was developed to quantitate the poly [C] length variants associated with the T16189C polymorphism. A 172-bp fragment spanning nt16142 to nt16313 of the mtDNA was amplified by PCR by using the primer pair L16142 (5Ј-CTTGACCACCTGTAGTACAT-3Ј) and H16313 (5Ј-GTACTATGTACTGTTAAGGG-3Ј). To avoid artifactual length variations due to 1-bp T-overhangs introduced by the Taq polymerase at the 3Ј end that would otherwise complicate the analysis of the length of the poly [C], a restriction endonuclease (RsaI, Promega, Madison, WI, USA) was employed to trim both ends of the PCR products (Marchington et al. 1996) resulting in blunt-end fragments of 50-56 bp, depending on the length of the poly [C] . The relative proportions of the various length variants were quantitated using a Bio-Rad GS-700 imaging densitometer, after the separation of the trimmed PCR products in a 20% polyacrylamide gel (run at 2300 V for 4 h) and visualization of the DNA fragments by either silver staining or autoradiography of ( 33 P)-radiolabeled products (details and validation are described in Results).
Reduction and quantitation of mtDNA copy number Fibroblast cells were cultured in the presence of 50 ng/ml ethidium bromide essentially as described previously (King and Attardi 1989; Vaillant and Nagley 1995) . The reduction of the mtDNA copy number was assessed during this process by employing a quantitative PCR method, which was carried out with internal standards for both mtDNA and nuclear DNA. The internal standard for the mtDNA was a 602-bp mtDNA fragment spanning nt2055-nt2656, which had been inserted into the pGEMTeasy vector (Promega). This fragment carried a PCRintroduced BglI restriction site, which was not present in the normal mtDNA, and thus allowed the differentiation of the PCR product of the internal standard from that of the mtDNA being examined. The internal standard for the nuclear DNA was a pGEMT-easy vector with a 123-bp PCR-amplified insert of the α1-globin gene, which had lost the HinfI restriction site at codon 116. This mutation is rare and found only in individuals with Hemoglobin O Indonesia (HbO Ina ), which is restricted to the populations of South Sulawesi (Daud et al. 2001) , and thus should not be present in the samples examined in the current study. Fixed amounts (2 pg) of the internal standards for mtDNA and nuclear DNA were coamplified with the DNA samples in serially diluted aliquots of the fibroblast lysates (Zhang et al. 1996; Filser et al. 1997) .
For the quantitation of the mtDNA, a 289-bp fragment was amplified in a Perkin Elmer 9700 thermal cycler by employing the primer pair L2055 (5Ј-TGCCCACAGAAC CCTCTAAATCCC-3Ј) and H2343 (5Ј-CAGGCTTATGC GGAGGAGAATGTT-3Ј). The amplification was carried out for 28 cycles of denaturation for 20 s at 95°C (first cycle 5 min at 95°C), annealing for 20 s at 62°C, elongation for 1 min at 72°C (last cycle 5 min at 72°C), followed by 5min at 95°C and 5 min at 25°C for final denaturation and slow annealing. The quantitation of the nuclear DNA was performed by using the primer pair HbO and Alf1 (Daud et al. 2001 ) resulting in a 123-bp fragment. The PCR amplification was carried out for 34 cycles of denaturation at 95°C for 30 s (the first cycle 95°C for 5 min), annealing and elongation at 70°C for 30 s (first cycle 70°C for 1 min; last cycle 70°C for 5 min), followed by final denaturation at 95°C for 5 min, and slow annealing at 25°C for 5min. The PCR products were then digested with either BglI restriction endonuclease (Gibco/BRL, Rockville, MD, USA) for mtDNA quantitation, or HinfI restriction endonuclease (New England Biolabs) for nuclear DNA quantitation. The digested products were separated by electrophoresis on a 2% agarose gel, and the intensity of the ethidium bromidestained fragments were quantitated by densitometric analysis as described above. The copy number of the mtDNA was calculated by comparing the intensity of the digested PCR products of the internal standards with the undigested PCR products of the samples being examined for mtDNA quantitation, and vice versa for the nuclear DNA quantitation. The copy number quantitation was carried out in triplicate at the exponential stage of the amplification. Corrections were made for the length-dependent variation of the ethidium bromide staining intensity, and for heteroduplex formation.
Single cell PCR
Fibroblast cells (EISbIII-31-95 carrying the heteroplasmic T14484C LHON mutation and the 16189C variant, and EIN-3-95 carrying only the 16189C variant) were grown in very low cell densities of approximately ten cells per 35-mm tissue culture dish (Nunc, Naperville, IL, USA). After the first cell division (48-72 h), the attached cells were washed twice with phosphate-buffered saline (PBS; Sambrook et al. 1989 ) containing a low concentration of 0.0125% (w/v) trypsin. Single fibroblast cells were picked up under an inverted microscope (Nikon, Tokyo, Japan) by suction by using borosilicate microcapillary tubes with an approximately 3-µm-diameter opening, connected to a micromanipulator (Narishige, Tokyo, Japan) (Bidooki et al. 1997 ). Each isolated cell was delivered directly into a 0.2-ml microfuge tube containing 5 µl sterile double-distilled water, lysed at 95°C for 10 min, and subjected to nested PCR amplification.
The first PCR amplified a 637-bp (with primer pair L15904-H16540) and an 897-bp (with primer pair L13977, 5Ј-CCTGCCCCTACTCCTCCTAGACCT-3Ј and H14873, 5Ј-GGATCAGGCAGGCGCCAAGGAGTG-3Ј) fragment of the mtDNA. The second PCR to detect the 16189C variant, amplified a 172-bp fragment between nt16142 and nt16313, as described above. The T14484C mutation was detected and quantitated essentially as previously described (Sudoyo et al. 1998) .
Results

Features of the mtDNA length heteroplasmy
We first need to confirm the main features of the mtDNA length heteroplasmy associated with the T16189C polymorphism. This polymorphic site is located within and interrupts a homopolymeric tract of cytosines between nt16184 and nt16193, and the 16189C variant is associated with the heteroplasmic presence of mtDNA species carrying different lengths of poly [C] . For the quantitation of the length heteroplasmy, we have developed a procedure based on the T-PCR (trimmed-PCR) principle described by Marchington et al. (1996) . Electrophoresis of the trimmed-PCR products in a high concentration polyacrylamide gel separates the length variants associated with the H-and Lstrands of the mtDNA fragments, allowing duplicate quantitative measurements from a single run (Fig. 1a) . The variants associated with the expected 52-bp PCR-amplified fragment could be clearly detected, which in the case illustrated ranged from 51-54 bp (poly [C] length 11-14; Fig. 1a) .
To ensure that the quantitative method developed is reliable, a 410-bp PCR product spanning nt15904 to nt16313 containing the poly [C] tract was cloned into the M13 vector (Perkin Elmer, Branchburg, NJ, USA). The relative proportions of the mtDNA species carrying different lengths of poly [C] was determined by the sequencing of 75 clones. The pattern of the length heteroplasmy obtained by our quantitative procedure was essentially similar to this gold standard (Fig. 1b) , thus validating the T-PCR method. Further, PCR amplification of the cloned mtDNA fragments showed that each clone gave only a single poly [C] length, confirming that the length heteroplasmy observed in tissues was not an artifact generated by the PCR process.
We confirmed that the relative proportions of the various lengths of poly [C] vary between individuals, as illustrated for four individuals in Fig. 2 The pattern of the length heteroplasmy is actively maintained To obtain initial experimental evidence that the length heteroplasmy observed is not simply the outcome of drift associated with the random segregation of the mtDNA population during cell division but is actively maintained, an experiment was designed to follow the reestablishment of the pattern during the repopulation of depleted cells with mtDNA. The mtDNA copy number in a normal fibroblast cell line (EIN-3-95) was extensively reduced to approximately 85 copies/cell, about one-fortieth of the original copy number of approximately 3300 copies/cell, by culturing in the presence of 50 ng/ml ethidium bromide for approximately 15 cell divisions. The cells were then released from ethidium bromide exposure to allow the repopulation of the cells with mtDNA. The pattern of the length heteroplasmy remains similar during the reduction of the mtDNA copy number (i.e., 6, 10, and 15 cell divisions in the presence of ethidium bromide; Fig. 3a-c) . When the pattern was examined after the cell repopulation with mtDNA (i.e., approx. 15 further cell divisions following the release from the ethidium bromide treatment), the pattern was found to [C] length heteroplasmy was determined by polymerase chain reaction (PCR) amplification of a 172-bp fragment spanning nt16142 to nt16313 of the mtDNA, and digestion by the RsaI restriction endonuclease to trim the 5Ј and 3Ј ends of the products (a top). The trimmed-PCR (T-PCR) products were separated by electrophoresis in a 20% polyacrylamide gel, and the length variants (51-54 bp) associated with the H-and L-strands were visualized by silver staining (a middle). The relative proportions of the various variants were quantitated using a Bio-Rad GS-700 imaging densitometer with Molecular Analyst software version 2.1 (a bottom). The validity of this quantitative method was confirmed as shown in b. A 410-bp PCR-amplified fragment spanning nt15904 to nt16313 containing the poly [C] tract was cloned into the M13 vector. Shown is the pattern of the length heteroplasmy as determined by the direct sequencing of the cloned mtDNA fragments (75 clones; black), and those obtained by our T-PCR method after visualization of the trimmed-PCR products by either silver staining (white) or autoradiography of ( 33 P)-labeled products (gray). Results shown for T-PCR are the average (ϮSD) of at least three independent duplicate measurements. Please note that the patterns of the length heteroplasmy in a and b are from two different individuals and thus exhibit different patterns be similar also to that of the untreated cells (Fig. 3d) , indicating de novo regeneration of the pattern of the length heteroplasmy.
The pattern of the length heteroplasmy is regenerated de novo following cell division Definitive evidence for the de novo regeneration of the pattern of the length heteroplasmy was obtained by directly investigating the pattern in sister cells following cell division of single cells. The initial study on fibroblast cell line EIN-3-95 showed that in all four pairs of single cells, the pattern of the length heteroplasmy was similar in sister cells (Fig. 4) .
MtDNA is randomly segregated during cell division, so to confirm the randomness of the segregation, we employed another cell line, which carried a heteroplasmic T14484C mtDNA mutation. Fig. 5 shows the results of two such experiments. In the first, the two sister cells had almost identical ratios (11 : 89 and 13 :87) of the 14484T to 14484C mtDNA species. The pattern of the length heteroplasmy in the two sister cells was also essentially the same. In the second pair of cells, random segregation of the mtDNA was observed prominantly (Fig. 5, pair 2) . Thus, while in one cell the 14484T to 14484C ratio was 46 : 54, the ratio in the other Fig. 2 . The pattern of the length heteroplasmy in four individuals. The proportions of the various length variants (i.e., patterns of the length heteroplasmy) associated with the 16189C variant were determined in four individuals as in Fig. 1 Results are expressed as the mean length of poly [C] Ϯ SD of at least three independent measurements cell was 100 : 0. Despite this significant drift, the pattern of the length heteroplasmy was still essentially the same in the two sister cells. The results obtained from 12 pairs of single cells are summarized in Table 1 . In all cases, the mean length of the poly [C] was essentially the same, with an average value of 11.4 Ϯ 0.28, despite the fact that the ratio of the 14484T-to the 14484C-carrying mtDNA species varied widely from 100 : 0 to 0: 100. This result provides definitive evidence in support of the suggestion that the pattern of the length heteroplasmy is regenerated de novo.
The pattern of the length heteroplasmy is similar in tissues of an individual Finally, we have argued that if the pattern of the length heteroplasmy is indeed regenerated de novo, independent of the random segregation of mtDNA, the pattern of the length heteroplasmy would then be the same in all tissues of an individual. A limited set of results is indeed consistent with the above argument (Marchington et al. 1996 (Marchington et al. , 1997 .
To obtain stronger evidence in support of this suggestion, we carried out an extensive examination involving ten different postmortem tissue samples (thyroid gland, liver, diaphragm, psoas muscle, kidney, adrenal gland, heart, cerebral cortex, basal ganglia, and white matter) for each of five individuals. The pattern of the length heteroplasmy varied among these five individuals, but similar, although not completely identical, patterns were observed in all tissues of each individual (illustrated in Fig. 6 ). 
Discussion
We presented here evidence to answer the question on whether the pattern of the length heteroplasmy associated with the T16189C variant is simply the outcome of drift associated with the random segregation of the mtDNA population during cell division, or whether this pattern is actively maintained and regenerated de novo following each cell division. Three independent experimental approaches were employed. The first approach was designed to mimic the bottleneck proposed to exist in mtDNA segregation during early oogenesis. The mtDNA copy number was thus reduced significantly from around 3300 to 85 copies/cell by exposure to ethidium bromide (King and Attardi 1989; Vaillant and Nagley 1995) ; the fibroblast cells were then allowed to divide for 15 generations starting from this low mtDNA copy number following the release from the ethidium bromide treatment. The results of this study demonstrated the maintenance of the pattern of the length heteroplasmy during the reduction of the mtDNA copy number and the subsequent cell repopulation with mtDNA, suggesting the de novo regeneration of the pattern. The investigation of the pattern of the length heteroplasmy in sister cells following cell division in the second approach provided definitive evidence for the de novo regeneration of the pattern. In this study, we were able to demonstrate directly that the pattern of the length heteroplasmy was maintained despite the evidence for a significant randomness of mtDNA segregation. Further, we confirmed that the pattern of the length heteroplasmy was indeed regenerated de novo, independent of the random segregation, as similar patterns were observed in as many as ten tissues from each of five individuals. To ensure that the pattern of the length heteroplasmy observed was not an artifact caused by polymerase slippage during PCR amplification, we cloned fragments containing the poly [C] tract associated with the T16189C variant and demonstrated that only a single length variant was apparent in each of the 75 clones examined. Our finding that the pattern of the length heteroplasmy is regenerated de novo has an important implication in that there must be factors that regulate the regeneration of this pattern. Earlier studies have indicated that the pattern of the length heteroplasmy associated with the 16189C variant is maintained in the maternal line (Marchington et al. 1996; Bendall et al. 1996) . Because this implies that the pattern of the length heteroplasmy cosegregates with the mtDNA, which is maternally inherited, the pattern is most likely determined by factors within the mtDNA. We examined the pattern of the length heteroplasmy in three independent families and confirmed that while the pattern was different in the three families, maternally related members of each family showed similar patterns of the length heteroplasmy (data not shown).
What are the factors responsible for the maintenance of the pattern of the length heteroplasmy? Sequence polymorphisms in the mtDNA appear to be involved either in the phenotypic expression of the pathological mtDNA mutations, or in their actual generation, as indicated by the clustering of the LHON G11778A mutation in certain lineages of the mtDNA (haplotype groups; haplogroups) (Brown et al. 1997; Lamminen et al. 1997; Torroni et al. 1997 ; Sudoyo H., Suryadi H., Lertrit P., Pramoonjago P., Lyrawati D., Marzuki S., unpublished). Such polymorphisms could also be the responsible mtDNA factors that maintain the pattern of the length heteroplasmy.
We suspect, however, that the generation of the length heteroplasmy associated with homopolymeric tracts in the mtDNA is probably also under the influence of nuclear factors in addition to the mitochondrial factors. The mtDNA replication machinery appears to be able to replicate homopolymeric tracts faithfully up to the length of six cytosines, as observed in the homopolymeric tract associated with the T16189C/C16187T variants, which did not show any length variation (Bendall and Sykes 1995; Howell and Smejkal 2000) . At a poly [C] length of seven or eight (Howell and Smejkal 2000) , however, the length heteroplasmy could be observed, but only in certain individuals, indicating the existence of population variants in the fidelity of the nuclearly coded mtDNA replication Fig. 6 . The patterns of the length heteroplasmy in various tissues. Ten different postmortem tissue samples (thyroid gland, liver, diaphragm, psoas muscle, kidney, adrenal gland, heart, cerebral cortex, basal ganglia, and white matter) were obtained from each of five individuals at autopsy. The relative proportion of the various length variants associated with the 16189C variant was determined as in Fig. 1 . A representative set of data from one individual is shown. In all five cases, a similar pattern of length heteroplasmy was observed in all tissues machinery. The study of the interplay between the nuclear and mitochondrial factors in the generation of the length heteroplasmy would lead to a better understanding of the factors that influence the development of mtDNA mutations.
